Self-replicating gene drives that can spread deleterious alleles through animal populations have been promoted as a much needed but controversial 'silver bullet' for controlling invasive alien species. Homing-based drives comprise an endonuclease and a guide RNA (gRNA) that are replicated during meiosis via homologous recombination. However, their efficacy for controlling wild populations is threatened by inherent polymorphic resistance and the creation of resistance alleles via non-homologous end-joining (NHEJ)-mediated DNA repair. We used stochastic individual-based models to identify realistic genedrive strategies capable of eradicating vertebrate pest populations (mice, rats and rabbits) on islands. One popular strategy, a sex-reversing drive that converts heterozygous females into sterile males, failed to spread and required the ongoing deployment of gene-drive carriers to achieve eradication. Under alternative strategies, multiplexed gRNAs could overcome inherent polymorphic resistance and were required for eradication success even when the probability of NHEJ was low. Strategies causing homozygotic embryonic non-viability or homozygotic female sterility produced high probabilities of eradication and were robust to NHEJ-mediated deletion of the DNA sequence between multiplexed endonuclease recognition sites. The latter two strategies also purged the gene drive when eradication failed, therefore posing lower long-term risk should animals escape beyond target islands. Multiplexing gRNAs will be necessary if this technology is to be useful for insular extirpation attempts; however, precise knowledge of homing rates will be required to design low-risk gene drives with high probabilities of eradication success.
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Self-replicating gene drives that can spread deleterious alleles through animal populations have been promoted as a much needed but controversial 'silver bullet' for controlling invasive alien species. Homing-based drives comprise an endonuclease and a guide RNA (gRNA) that are replicated during meiosis via homologous recombination. However, their efficacy for controlling wild populations is threatened by inherent polymorphic resistance and the creation of resistance alleles via non-homologous end-joining (NHEJ)-mediated DNA repair. We used stochastic individual-based models to identify realistic genedrive strategies capable of eradicating vertebrate pest populations (mice, rats and rabbits) on islands. One popular strategy, a sex-reversing drive that converts heterozygous females into sterile males, failed to spread and required the ongoing deployment of gene-drive carriers to achieve eradication. Under alternative strategies, multiplexed gRNAs could overcome inherent polymorphic resistance and were required for eradication success even when the probability of NHEJ was low. Strategies causing homozygotic embryonic non-viability or homozygotic female sterility produced high probabilities of eradication and were robust to NHEJ-mediated deletion of the DNA sequence between multiplexed endonuclease recognition sites. The latter two strategies also purged the gene drive when eradication failed, therefore posing lower long-term risk should animals escape beyond target islands. Multiplexing gRNAs will be necessary if this technology is to be useful for insular extirpation attempts; however, precise knowledge of homing rates will be required to design low-risk gene drives with high probabilities of eradication success.
Introduction
The concept of using 'selfish' genetic elements, with biased inheritance, to spread phenotypic traits through wild populations has been discussed for over 50 years [1] . Inspired by the self-replication mechanism of naturally occurring homing endonuclease genes, Burt [2] was the first to propose that synthetic gene drives could be engineered to target essential host genes for the purpose of population control. Self-replication (or 'homing') of gene drives is achieved by expression of a site-specific endonuclease (from the gene-drive transgene) that cleaves the partner chromosome at the same genomic site in which the gene drive is integrated. Repair of the double-stranded break via homologous recombination (HR) generates a second copy of the gene drive, resulting in homozygosity. Gene drives are predicted to spread rapidly through a given population because greater than 50% of progeny will inherit the genetic element. Importantly, by restricting the homing event to the germline, it should be possible to propagate a recessive mutation that causes infertility or lethality, which would eventually lead to population decline [3] . Alternatively, population suppression could be achieved by adding genetic 'cargo' that causes all offspring that inherit the gene drive to develop as a single sex.
While proof-of-concept gene drives, using naturally occurring and modular endonucleases, have been developed in insects [4, 5] , these platforms lack the requisite flexibility and stability for field applications. By contrast, recent research demonstrates that the CRISPR/Cas9 genome editing system could provide a mechanism for effective population control by gene drives [6] . These advances have generated tremendous excitement among the agricultural, conservation and health science communities because they offer potential solutions to costly, long-standing problems such as the control or eradication of invasive species [7, 8] and the suppression of animal vectors of human disease [9] . Some now view gene drives as a 'silver bullet' for conservation science and question not whether this technology is viable but whether it should be used [10] , citing the risks associated with the dispersal or human-mediated transport of gene-drive carriers beyond the laboratory or the population targeted for management [11] [12] [13] . Here, we critically examine the feasibility of suppressing or eradicating large populations of pest vertebrates using CRISPR/Cas9 technology.
The viability of gene drives for population control depends, in part, on the technical efficacy of the CRISPR/Cas9 system, which comprises two components: Cas9, which functions as a 'programmable' endonuclease, and a guide RNA (gRNA) containing a 20 bp sequence that is complementary to the target site within the genome. Recently, germline-homing CRISPR/Cas9 gene drives have been published for the fruit fly Drosophila melanogaster [14] , the mosquitoes Anopheles stephensi [15] and Anopheles gambiae [16] , and the yeast Saccharomyces cerevisiae [12] . Remarkably, homing rates in these studies are extremely high (greater than 95%) in most cases and maintained over several generations, indicating that CRISPR/Cas9 gene drives are stable. Although HR repair predominates, a competing repair pathway termed non-homologous end-joining (NHEJ) can also repair gene-drive-mediated DNA cleavage. Importantly, NHEJ repair can generate small insertions or deletions (indels) at the gRNA binding site and/or associated PAM (protospacer adjacent motif) sequence that will be resistant to subsequent cleavage by the encoded endonuclease. Even though the probability of NHEJ appears to be low [12, 13, 15, 16] , the creation of resistance alleles through NHEJ, and the subsequent selection favouring their spread, provides one mechanism whereby a targeted population might rebound following an initial decline in abundance [15, 17] . To achieve eradication success, it is clear that the target population must be extirpated before the proportion of resistance alleles becomes sufficient to produce a positive population growth rate once more. To increase the probability of successful homing and reduce the rate of resistance-allele creation, gene drives could be designed with multiplexed gRNAs that target adjacent DNA recognition sites for cleavage [6, [18] [19] [20] .
As the CRISPR/Cas9 system is an efficient genome editing tool in a wide variety of species, including mice [21, 22] , it seems likely that gene drives will soon be developed in mammals. Furthermore, deployments on islands are most likely in the first instance to minimize the risks associated with the unplanned dispersal or transport of gene-drive carriers [23] . Invasive alien vertebrates are one of the major threats to island biodiversity [7, 23, 24] and exotic rodents are likely responsible for the greatest number of extinctions and ecosystem changes on islands [25, 26] . Exotic vertebrates have also been devastating for human agriculture [27] , costing individual economies millions of dollars in lost production. In Australia, for example, annual agricultural losses due to the house mouse (Mus musculus) and European rabbit (Oryctolagus cuniculus) are estimated at AU$148 million and these pests also have severe environmental and social impacts [28] . Although the success of vertebrate eradication attempts has increased in recent decades, particularly on islands [29] , these attempts are typically extremely costly. In addition, current control methods (e.g. the broad-scale delivery of toxic baits used to kill invasive rodents) need to address many social, political and ethical considerations [30] . The eradication of alien rodents on islands therefore provides the perfect model system for testing the efficacy of introducing a novel technology into the toolbox of vertebrate eradication science.
Here, we use in silico experiments to test the efficacy of different gene-drive strategies for eradicating exotic vertebrates from islands. Initially, we focus on mice, which we believe will be among the first vertebrate species targeted for gene-drive development because: (i) mice are widely used as an experimental model organism; (ii) the molecular genetic control of sex determination and fertility in mice is well understood and can therefore be exploited for gene-drive design strategies; and (iii) mice have frequently been transported beyond their native ranges and have severe environmental and economic consequences in their exotic ranges. Specifically, we test four realistic CRISPR/Cas9 gene-drive strategies that could be readily developed based on existing literature (figure 1). To replicate the trajectory of island populations inoculated with gene-drive carriers as realistically as possible, we develop an individual-based model (IBM) that simulates genetic inheritance while incorporating the impacts of demographic stochasticity on the outcome of the gene-drive inoculation. Using this system, we explicitly consider the potential for evolution to fight back through the formation and spread of resistance alleles, and explore the conditions under which this mechanism could allow populations of mice to 'escape' extirpation. Having identified gene-drive strategies that could feasibly achieve the eradication of mice on islands, we compare the efficacy of these designs for two other vertebrate pests, black rats (Rattus rattus) and European rabbits.
Material and methods (a) Model overview
We developed a bespoke IBM to explore the probability of achieving the eradication of vertebrate pest species on islands using gene-drive technology (for details of the model structure, see electronic supplementary material, figure S1 ). The model assumed a discrete-time, pre-breeding census design [31] for populations of different sizes that were inoculated by a number of 'introduced' gene-drive carriers. Simulated pest populations were represented as a collection of individuals characterized by the following state variables: age, maternal and paternal allosomes (X/Y), the status of maternal and paternal alleles targeted by the gene drive (gene-drive-positive, or the number of susceptible gRNA recognition sites remaining for gene-drive-negative alleles), genotypic sex (male/female), phenotypic sex (male/female) and fertility status (sterile/fertile). We tracked individuals as they transitioned through the following stages of each breeding cycle: mate allocation, reproduction with autosome and allosome inheritance, gene-drive homing and resistance allele formation in the germlines of heterozygous individuals, phenotypic sex allocation, densitydependent mortality and ageing. Annual supplementation with additional gene-drive carriers was considered, as was the possibility that some individuals of a target population might possess some innate resistance to the gene-drive homing mechanism due to nucleotide polymorphisms that alter the gene-drive PAM or gRNA target sequence [32, 33] . Our IBM explicity accounted for random demographic and genetic factors, allowing for realistic simulations of the fate of populations for which gene-drive eradication is attempted. We coded the model using the R computing environment [34] .
(b) Gene-drive strategies
We use the term gene-drive strategy to refer to the demographic impact on individuals that are homozygous or heterozygous for the gene drive. We tested the following gene-drive strategies that could potentially be developed based on existing literature: Strategy 1-Heterozygotic XX sterility. The aim of this 'daughterless' strategy is to drive an XX male sex-reversing transgene through the population to generate a deficiency of female breeding stock. Several members of the Sox gene family have been demonstrated to induce male development in XX mice, including Sry (the Y-linked mammalian testis determining factor; [35] ) and Sox9 (an Sry target gene; [36] ). The latter option is attractive because Sox9 has an evolutionarily conserved role in vertebrate sex determination and has been validated using the relatively compact (WT-1) promoter. Importantly, XX male carriers of the gene drive would be sterile, in part because they lack Y-linked spermatogenesis genes. The gene drive would not be expected to affect the reproductive fitness of XY males [37] , thereby enabling gene-drive transmission. This gene-drive construct could be positioned autosomally in an intergenic region or at a known 'safe harbour' locus such as Rosa26 [38] . Strategy 2-Heterozygotic XX sex reversal. This strategy is similar to (1) but contains additional cargo that enables XX males to transmit the gene drive. The approach is based on recent transgenic studies, indicating that expression of Sry and the Y-linked spermatogenesis gene Eif2s3y (or Sox9 and its X-linked homologue Eif2s3x) in XO mice is sufficient to generate reproductively competent males [39, 40] . Therefore, through incorporation of multiple Y-linked spermatogenesis genes (or their X chromosome homologues) as gene-drive cargo, it may be possible to restore normal fertility to XX sex-reversed gene-drive carrier mice. However, we stress that spermatogenesis in the male XO transgenic mice is not normal and that they require assisted reproduction to generate offspring. Furthermore, meiotic block of XX germ cells in the testis would need to be circumvented [41] . Therefore, from a practical standpoint, this strategy would require considerable work-up before deployment. Strategy 3-Homozygotic embryonic non-viability. For this strategy, the gene-drive cassette does not carry cargo but instead generates a loss-of-function mutation in a gene that causes recessive embryonic lethality. Provided that the mutation is haplosufficient and the gene drive is propagated through germline homing (see below), this approach should initially allow rapid spread of the gene drive and an accumulation of (somatic) heterozygous individuals. However, as mating between heterozygous carriers becomes increasingly likely, the population should decline due to embryonic lethality of their progeny arising from gene-drive homozygosity. Positioning the gene-drive element in an exon would confer loss-of-function for the genedrive allele via premature termination of the open reading frame. Deletion-containing alleles created by NHEJ would also result in loss-of-function if a frameshift mutation were generated [3, 17] . Given that recessive embryonic or perinatal lethality occurs in about one-third of KO mice [42] , there is a plethora of target loci that could be considered for this approach, provided development of null oocytes or spermatogonia is not compromised by germline homing. To limit the fitness cost of carrying moribund embryos in pregnant females, it would be prudent to select a gene-drive target gene that causes embryonic lethality prior to implantation (e.g. Hsbp1; [43] ). Strategy 4-Homozygotic XX sterility. This strategy again assumes exonic placement and is similar to (3) except that population suppression is achieved through infertility of homozygous females instead of recessive embryonic lethality. While mutations in several genes are known to cause recessive infertility in female mice, rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170799 a significant caveat here is that homozygosity in the germline (induced by germline homing) must not compromise oogenesis. One attractive candidate locus for gene-drive localization is the progesterone receptor (PR; [44] ), mutation of which has been shown to cause recessive female infertility. However, before embarking on this strategy, confirmation that germline null females are fertile is required (using Vasa-Cre and a PR floxed allele; [45] ).
(c) Multiplexed guide RNA expression
All of the CRIPSR/Cas9 gene drives published to date have used a single gRNA to direct site-specific homing [12, [14] [15] [16] . A disadvantage of this strategy is that indels generated by NHEJ-mediated DNA repair will very likely become resistant to homing due to modification of the gRNA binding sequence and/or the associated PAM. A potential solution to this issue is to employ multiple gRNAs that cleave at several closely spaced sites across the target region [6, 18] . From a practical standpoint, this could be achieved using U6 promoters from different species (to avoid recombination-mediated instability) [46] or possibly via expression of a polycistronic transcript containing multiple gRNAs using an RNA polymerase II promoter [47, 48] . Instability caused by conserved gRNA sequences could potentially be avoided using diverse gRNA scaffolds [49] . Methodology for sequential gRNA expression in the germline requires development.
(d) Genetics
We assumed Mendelian inheritance of autosomes and allosomes and modelled the stochastic transfer of chromosomes from parents to offspring with Bernoulli distributions. We assumed germlinespecific homing for all gene-drive strategies tested such that homing occurred prior to meiosis in the germlines of males and females that are heterozygous for the gene drive (i.e. dual-germline homing) [17] . From a practical perspective, germline-specific homing could potentially be achieved by driving Cas9 expression with the previously validated Vasa promoter, although modification of regulatory sequences may be required to avoid Cas9 activity in oocytes that lack the transgene [45] . As ubiquitous robust Cas9 expression does not cause any overt phenotypic impact [50] , we assumed there is no fitness cost for gene-drive carriers.
Within each gene-drive strategy simulated, we tested different numbers (1-5) of gRNAs that were assumed to target unique recognition (cutting) sequences, thereby influencing the probabilities of successful homing and resistance-allele creation. The outcome of a homing event at each individual cutting site is governed by the probability of cutting occurring (P C ) and the probability of NHEJ conditional on cutting having occurred (P N ). Assuming S gRNAs targeting S unique cutting sites, the state into which a wild-type allele can move during homing is conditional on the number of susceptible sites it currently possesses. If we assume that Cas9-mediated cutting occurs sequentially at each recognition site, then each cutting event is independent and the probability of a wild-type allele moving from s to j susceptible sites (P sj ) is:
where the allele is left unchanged when j ¼ s because cutting has failed at all s susceptible sites, while a resistance allele is created when j ¼ 0 because cutting and NHEJ has occurred at all s sites. The probability of successful homing is simply 1 À P s j¼0 P sj . Based on data for non-vertebrate species, we assumed a cutting probability of 95% (i.e. P C ¼ 0.95) for each gRNA simulated, and a realistic estimate of the probability of NHEJ conditional on cutting having occurred equal to 2% (i.e. P N ¼ 0.02) [16] . Using this parametrization, we tested gene-drive strategies against a reference scenario with a single gRNA and no NHEJ (P N ¼ 0). For the two strategies that used exonic placement of gene drives, we assumed that each indel created carried a two-thirds probability of disrupting the target gene [20] .
By contrast, if multiplexed gRNAs are expressed simultaneously, then deletions of intervening sequences might also occur due to NHEJ. Assuming that the probability of NHEJmediated DNA repair is independent of the distance between target sites, the probability of successful homing is:
while calculations for all P sj are more complex (see the electronic supplementary material, appendix S1). We compared simulation results for multiplexed gRNAs under the assumption of sequential or simultaneous cutting. For the latter, we assumed that any deletion of intervening sequence between two recognition sites resulted in disruption (i.e. loss of function) of the target gene, and that at least one functional allele was required for embryonic viability (Strategy 3) or XX fertility (Strategy 4).
(e) Demography
For simplicity, we assumed constant survival and fertility rates across all age classes, an equal sex ratio at birth and a fixed generation time. We also assumed a polygynous breeding system such that males could mate with multiple females while fertile females could only mate with a single male per breeding cycle. To ensure stable pest populations when at carrying capacity (K), we set fertility rates based on empirical litter-size data per breeding cycle for wild populations of each species, and then calculated the survival rates required to produce a population growth rate (r) of zero. To allow for improvements in species vital rates at low densities, we assumed u-logistic population growth mediated through variation in the survival rate p such that:
where N is the current population size, and p max is the maximum survival rate at low population density which we set to produce the maximum population growth rate (r max ) estimated for the species. We assumed a shape parameter u equal to 2 to ensure that the population growth rate was only reduced substantially as the population size approached K. To incorporate the effects of demographic stochasticity (i.e. variation in the population growth rate that occurs even if the mean demographic rates remain constant), we modelled the outcome of all survival probabilities with Bernoulli distributions and sampled the number of offspring produced by each reproducing female from Poisson distributions. Full details of the demographic parameters used are found in electronic supplementary material, table S1.
(f ) Initiation and model output
We initiated each simulated population at K, assuming an equal number of mature males and females. We then simulated the eradication attempt as the addition of 100 males that were somatic heterozygous for the gene-drive cassette. To account for demographic and genetic stochasticity, we performed 1000 replicate simulations of the model for each parametrization tested. Using these replicates, we compared gene-drive strategies by calculating the probability of population eradication and the mean time to eradication. We defined successful eradication as the reduction in the target population size to zero or the complete loss of one sex.
(g) Sensitivity analyses
Although P C for CRISPR/Cas9 gene drives has been shown to be very high for different taxa, two parameters are likely critical rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170799 determinants of the viability of gene drives for pest eradication: (i) the probability of NHEJ (P N ); and (ii) the probability of inherent gene-drive resistance (P R ) due to nucleotide polymorphism at sequences targeted by the gRNAs. Assuming a simulated pest mouse population of 50 000 individuals, we conducted a sensitivity analysis on P N , P R and the number of multiplexed gRNAs, generating 100 000 unique combinations of these three parameters using latin hypercube sampling [51] . We then ran a single simulation per parameter set [52] and examined the influence of these parameters on the probability of successful eradication. We assumed that P R at all cutting sites was equal and independent, and simulated initial resistance by sampling the number of susceptible sites (s) on each autosome in the population from binomial distributions with probability parameter equal to (12P R ) and size parameter equal to the number of gRNAs. For the homozygotic embryonic non-viability strategy, we also tested the possible influence of reproductive compensation following the mating of two gene-drive carriers, whereby embryonic survival post-implantation was increased when the number of implants was low following the death of homozygous embryos. To achieve this, we modified the reproduction component of the original model and assumed instead that each mating resulted in 10 embryos [53] . After accounting for homozygotic non-viability prior to implantation, the embryonic survival rate was modified as a function of the number of implants, to compare the output of models that included: (i) no compensation (i.e. a constant embryonic survival rate of 0.6, resulting in six offspring per female mouse on average); (ii) linear compensation; or u-logistic compensation (see electronic supplementary material, figure S2 for details).
Results and discussion
Our results illustrate clear differences in efficacy between different gene-drive eradication strategies, and highlight that selection favouring the spread of resistance alleles could allow populations to escape gene-drive suppression. Assuming an island carrying capacity of K ¼ 50 000 mice, the heterozygotic XX sterility ('daughterless') strategy failed to cause a single eradication (figure 2a), nor indeed successfully suppress the population size. By contrast, the remaining three strategies are capable of causing rapid population decline to eradication, despite only 100 gene-drive carriers being introduced initially ( figure 2b-d) . However, in all cases, multiplexed gRNAs were required for eradication even when the probability of NHEJ was assumed to be low (P N ¼ 0.02).
For the three scenarios capable of spreading the gene drive (heterozygotic sex reversal, homozygotic embryonic nonviability and homozygotic XX sterility), initial population suppression can be followed by recovery if resistance alleles develop and spread throughout the population (figure 3). With P N ¼ 0.02 [16] and a single gRNA, population recovery was guaranteed (i.e. occurred in 100% of iterations) for all simulated mouse populations (figures 2 and 3). This result is consistent with that of Eckhoff et al. [17] , who recently modelled gene-drive spread in mosquitoes and found that if resistance alleles formed by NHEJ have wild-type fecundity then it is unlikely that gene-drive suppression will succeed. They reasoned (although they did not test) that multiple DNA cleavage targets could solve this problem. Our results agree with this hypothesis, showing that as the number of multiplexed (and independently expressed) gRNAs was increased, the rate of resistance-allele creation was slowed and eradication became more likely (figure 2). However, the efficacy of payload gene drives positioned within introns (e.g. Strategies 1 and 2) will be severely compromised if multiplexed gRNA expression is simultaneous such that the NHEJ-mediated deletion of sequence spanning recognition sites is possible (figure 2b). Under this assumption, the probability of successful homing can decrease as additional gRNAs are incorporated and thereby promote the creation of resistance alleles that are favoured by selection (figure 3a; electronic supplementary material, S3).
By contrast, strategies involving the exonic placement of disruptive gene drives are robust to inter-site deletions because this produces non-functional alleles (i.e. functionally equivalent to a successful homing event) that will be eliminated (ii) year 0 1 2 3 4 5 6 7 (ii) year 0 1 2 3 4 5 6 7 (ii) simultaneous P N = 0 1 gRNA 1 gRNA 2 gRNAs 3 gRNAs 4 gRNAs 5 gRNAs rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170799
by selection ( figure 2c,d ). For the strategy of homozygotic XX sterility under simultaneous gRNA expression, for example, the percentage of eradicated populations increased from 35% with two gRNAs, to 99% with three gRNAs, and then to 100% with four and five gRNAs (figure 2d). For the homozygotic embryonic non-viability strategy, simulating reproductive compensation post-implantation did not impact model outputs substantially (electronic supplementary material, figure S2 ) because the majority of embryos produced by crossing heterozygotic gene-drive carriers are non-viable. It is noteworthy that eradication success was not guaranteed for many scenarios, which partly reflects the importance of demographic and genetic stochasticity once populations have been suppressed by the gene drive. Once a small population size is achieved, random increases in the frequency of resistance alleles can allow a population to 'escape' eradication and grow once more ( figure 3 ). This effect could potentially be mitigated by targeting coding sequences that are essential for protein function such that in-frame deletions also confer loss-of-function. The poor performance of a gene-drive strategy that causes heterozygotic XX sterility (figure 2a) is explained by the failure of the gene drive to spread because heterozygous females cannot pass on the construct. Consequently, the gene drive can also be lost from the population due to demographic and genetic stochasticity. Although previous modelling suggests this approach (employing a naturally occurring gene drive) could work for vertebrates, it relies on the regular continued release of gene-drive carriers into the pest population [54] . Our simulations confirm this result and demonstrate that large numbers of gene-drive carriers are required to achieve eradication with this strategy, even under the optimistic assumption of independent gRNA expression (figure 4a). For example, assuming a starting mouse population size of 50 000, annual supplementation of 250 gene-drive carriers and three gRNAs for the gene drive, our results indicate only a 2% probability of eradication. The mean time to extirpation for these same populations was also very long (64 years; figure 4b ) and corresponds to a total introduction effort of 16 000 individuals. We conclude that, with the exception of extremely small island populations, this gene-drive strategy will not be feasible due to the prohibitively large laboratory costs required for success and the long expected times to eradication. A further problem is that the regular introduction of large numbers of gene-drive carriers would render the evaluation of eradication success very difficult. However, this strategy might be suitable for a low-risk, proof-of-concept field trial on an island with a very small pest vertebrate population.
For the exonic, disruptive drives capable of eradicating a population assuming simultaneous gRNA expression (Strategies 3 and 4), there is an interaction between the probability of eradication success and the size of the target pest population ( figure 5) . The larger the population, the more generations that are required to achieve eradication and therefore the more opportunity for resistance alleles to be created and rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170799 subsequently spread. However, our results suggest that using four or more gRNAs could produce high probabilities of eradication up to the maximum population size tested of 200 000 individuals ( figure 5 ). This result held across all three species tested (mice, rats and rabbits) and, although mean times to eradication were inversely correlated with the pace of life history, again there was little to distinguish these two gene-drive strategies (electronic supplementary material, figure S4 ). Similarly, as more gRNAs were multiplexed, the mean time to eradication success changed little (electronic supplementary material, figure S4 ). Increasing P N above 0.02 drastically reduced the probability of eradication (figure 6). For simulated mouse populations and a gene drive causing homozygotic XX sterility, for example, even three gRNAs were insufficient to guarantee success with P N as high as 0.1 (figure 6c). Clearly, empirical research is required to derive accurate estimates of this critical parameter in target species and to inform future modelling efforts. While it is also possible that an eradication attempt might fail due to naturally occurring resistance alleles that are carried by a small proportion of individuals [32, 33] , our results suggest that multiplexing gRNAs could overcome this problem. Assuming P R at each site is independent, multiplexing gRNAs could guard against polymorphic resistance by reducing the effective number of resistance alleles (i.e. alleles with no susceptible sites) that exist in the target population.
In practice, the design of gene drives for pest control is likely to trade off eradication efficacy against the genetic consequences for the target population should eradication fail. If this occurs, an efficient purging mechanism will be beneficial to reduce the risk of dispersal or transport of gene-drive positive animals to other regions [6] . If eradication were attempted with the heterozgotic XX sex reversal strategy but failed subsequently, the gene-drive construct would persist in males because there is no negative effect of the drive and hence no effective purging mechanism ( figure 3a(ii) ). By contrast, following eradication failure, the gene drive is slowly purged from the population under both the homozygotic embryonic nonviability and XX sterility scenarios. A trade-off exists that must be considered when choosing a gene-drive strategygene-drive spread is best achieved by strategies that have little effect on, or potentially increase [54] , individual fitness whereas gene-drive purging is promoted if the fitness of gene-drive carriers is reduced. However, even a successful gene-drive eradication attempt would likely require gene-drive-positive animals to be present on islands for many years (electronic supplementary material, figure S4) . Therefore, the risk of unintended or deliberate transport of the gene drive beyond target islands is likely to be substantial. Although not modelled here, 'daisy drive' systems with limited self-replication potential may prove useful in this respect [49] .
A requirement of the homozygotic embryonic nonviability and XX sterility strategies is that homing must occur in the germline. While this has not been demonstrated in mammals, efficient germline homing has been demonstrated in insects using the Vasa promoter. A mammalian version of this promoter has previously been demonstrated to drive CRE-recombinase expression in mice efficiently, suggesting that a Vasa-Cas9 transgene could be efficacious for germline homing. As indicated in Material and methods, a number of candidate loci for each of these strategies could be readily identified, which should also facilitate rapid validation.
To date, many of the published gene-drive modelling approaches have been deterministic ( [2, 33, 55, 56] , but see [15] ). By contrast, the importance of stochastic models of extinction risk has long been recognized in the conservation literature [57] . Our individual-based modelling approach accounted for the effects of random demographic and genetic events, which are particularly important as populations get small, and therefore provides more realistic estimates of eradication probabilities for pest vertebrate populations. However, we parametrized models for different mammal species based on typical values reported in the literature and assumed yearround breeding. We stress that to use such an in silico approach to estimate times to eradication in the field would require accurate knowledge of the rate of homing and NHEJ-mediated repair, as well as detailed empirical data on the demography, mating strategy and dispersal characteristics of the target pest population on any given island. Further, our results might not hold when the assumption of a single panmictic population is violated; e.g. the spread of gene drives could be inhibited in metapopulations consisting of multiple subpopulations linked by limited dispersal. However, the spatial dynamics of pest populations will likely be less important for eradications attempted on islands than continental land masses.
In summary, until now, there has been no conclusive demonstration that gene-drive technology presents a viable solution to controlling existing populations of invasive vertebrates. Our results suggest that multiplexing gRNAs within gene-drive constructs could mitigate the existence or production of resistance alleles for exonically placed disruptive gene drives, and achieve the eradication of realistic pest population sizes. For example, we simulated eradication success for populations of up to 200 000 individuals which represents the estimated mouse population on the main island (approx. 2000 ha) of the Antipodes Islands group [58] . Although such multiplexing is theoretically possible, this strategy has not yet been used in the context of gene drives. Further empirical research is therefore critical to develop an understanding of how the probability of successful homing is affected by the number, expression and target sequence of multiple guides.
Data accessibility. R code is available from the Dryad Digital Repository:
http://dx.doi.org/10.5061/dryad.t78gv [59] . Figure 6 . The impact of the probability of NHEJ (P N ) and existing polymorphic resistance (P R ) on the probability of successful mouse eradication (P erad ) under the homozygotic XX sterility gene-drive strategy. The results shown assume an island carrying capacity of 50 000 mice, 100 gene-drive carriers used for inoculation, simultaneous gRNA expression and (a-c) two, three or four gRNAs. The plotted probabilities are derived from a binomial spatial spline fitted to the sensitivity-analysis output separately for each panel.
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